Dou-chi, a traditional soybean food fermented with Aspergillus sp., is usually used as a seasoning in Chinese food, and has also been used as a folk medicine in China and Taiwan. As 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical-scavengers, four phenol compounds, one isoflavanone, eight isoflavones and one 4-pyrone have been isolated from dou-chi. Among these fourteen compounds, 3
The tertiary function of foods has received considerable attention in these last twenty years; this is understood to mean being directly involved in the modulation of physiological systems such as the immune, endocrine, nervous, circulatory, and digestive systems. Insight into this newly defined function is particularly important, in that the intake of physiologically functional food factors could be effective for preventing diseases that may be caused by disorders in these systems. 1) Our research group is interested in the tertiary function of foods, especially in the antioxidative activity from fermented foods, and has studied the DPPH radical-scavenging compounds from soybean miso. 2, 3) We have reported that 8-hydroxygenistein and 8-hydroxyglycitein from soybean miso showed high antiproliferative activity toward human promyelocytic leukemia cells (HL-60), 2, 3) and had antimutagenic activity. 4) As a continuation of this work, we studied the DPPH radical-scavenging compounds contained in dou-chi, which is a traditional soybean fermented food with Aspergillus sp. in China and Taiwan, and is used as a seasoning in Chinese food, as well as a folk medicine for treating the common cold and diarrhea in these countries. Reports on the food factors with tertiary functions in dou-chi have so far only been presented for the -glucosidase inhibitory activity. 5, 6) In this present paper, we report the isolation and structural elucidation of DPPH radical-scavenging compounds from dou-chi, their mushroom tyrosinase (MT) and soybean lipoxygenase (SBL) inhibitory activities, antimutagenic activity toward AF-2 in the Ames test when using Salmonella typhimurium TA 98, and their estrogenic activity.
Materials and Methods
Dou-chi was produced by Yuan-Tai Food Co., Ltd. (Taichung County, Taiwan). Soybean lipoxygenase, linoleic acid and mushroom tyrosinase (EC 1.14.18.1) were purchased from Sigma Chemical Co. (St. Louis, MO, U.S.A.). L-Tyrosine, AF-2 and DPPH were purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan). S. typhimurium TA 98 and Aspergillus oryzae were supplied by NITE Biological Resource Center (NBRC, Chiba, Japan). 17-Estradiol was purchased from Tokyo Kasei Kogyo Co., Ltd. (Tokyo, Japan).
Instruments. Spectroscopic measurements were taken with the following instruments: NMR, Jeol Alpha-400 y To whom correspondence should be addressed. Tel: +81-54-264-5552; Fax: +81-54-264-5099; E-mail: hirotaa@fnsl.u-shizuoka-ken.ac.jp Abbreviations: DPPH, 1,1-diphenyl-2-picrylhydrazyl; FABMS, fast-atom bombardment mass spectrometry; HMBC, heteronuclear multiple-bond connectivity; HMQC, heteronuclear multiple-quantum coherence; E 2 , 17-estradiol; ER, estrogen receptor; EGCg, (À)-epigallocatechin-3-O-gallate; AF-2, furylfuramide spectrometer (tetramethylsilane as an internal reference at 0 ppm for 1 H-and 13 C-NMR); FABMS, Jeol JMS-700 spectrometer; UV spectra, Shimadzu UV-160A spectrometer; MPLC for preparation, Yamazen BPLC-600-FC system; pump, YFLC-No. 600A; detector, prep. UV-10V-HC; column, YMC gel ODS AQ120-S50; HPLC for analysis, Jasco PU-2080 Plus, Jasco UV 2077 Plus, and Jasco MX-2080-32; and HPLC for preparation, Jasco 880-PU, Jasco UV-970, and Shiseido Capcell Pak C18 SG120 column.
Isolation of DPPH radical-scavenging compounds from dou-chi. Dou-chi (2 kg) was extracted with methanol (MeOH). The extract was evaporated to an aqueous concentrate and defatted with n-hexane (Hex). The aqueous concentrate was then partitioned between ethyl acetate (EtOAc) and water at pH 3. The organic layer (48.8 g) was applied to silica gel column chromatography (Wakogel C-200) with a Hex/EtOAc solvent system. The fractions which contained several DPPH radical-scavengers (Hex-EtOAc, 60/40, 40/60 and 0/ 100) were subjected to reversed-phase MPLC (YMC ODS AQ120-S50), eluting with MeOH/H Analysis of the contents of isoflavones in the fermentation of dou-chi. Fifty beans of dou-chi in the fermentation manufacturing process were extracted with MeOH. The amount of isoflavones in the MeOH extract was determined by an HPLC analysis in a Capcell Pak C 18 SG-120 column (4:6 mm Â 150 mm), using a linear gradient of 15-40% acetonitrile in a 0.15% KH 2 PO 4 buffer (pH 3.5) for 30 min.
Measurement of the DPPH radical-scavenging activity. A MeOH solution of a sample (2 ml) was mixed with a 0.5 mM DPPH MeOH solution (1 ml) and 0.1 M acetate buffer (pH 5.5; 2 ml). After standing for 30 min, the absorbance of the mixture at 517 nm was measured. The ED 50 value was determined as the concentration of each sample required to give 50% of the absorbance shown by the blank test.
Measurement of the mushroom tyrosinase (MT) inhibitory activity. MT activity was measured by a spectrophotometric method 7) with some modifications. For all experiments, a MeOH solution of the sample (100 ml) and a 1.5 mM L-tyrosine solution (400 ml) were added to a 0.1 M phosphate buffer solution (2.2 ml) at pH 6.8. An enzyme solution (200 units in 100 ml of a 0.05 M phosphate buffer) was then added, and preincubation was carried out for 2 min at room temperature. The absorbance at 470 nm was recorded every 15 seconds for 10 min, the increase in absorbance being compared with that in the control test.
Measurement of the soybean lipoxygenase (SBL) inhibitory activity. SBL activity was measured by a spectrophotometric method.
8) The MeOH sample solution (25 ml) and 2.5 ml of a 0.2 M borate buffer at pH 9.0 were mixed. In the control test, the same volume of MeOH was used instead of the sample solution. An enzyme solution (1000 units in 25 ml of a 0.2 M borate buffer) was then added to the sample mixture, and preincubation was carried out for 5 min at room temperature. Next, 62.5 ml of a linoleic acid solution (4.18 mM in EtOH) was added, and the absorbance at 234 nm was recorded every 15 seconds for 3.5 min. The increase in absorbance was compared with that in the control test.
Measurement of the antimutagenic activity. A mutagenicity assay by the Ames test 9) with modification was done to study the reverse mutation from mutagen AF-2.
10) The culture of S. typhimurium TA 98 strain was divided into 10 ml tubes containing Nutrient Broth No. 2 (25 g/liter; Oxoid), and was incubated at 37 C for 14 hr. Next, 100 ml of the S. typhimurium TA 98 culture with a bacterial concentration of 1{2 Â 10 9 /ml of Nutrient Broth No. 2 was mixed with a MeOH solution of the sample (100 ml), a 0.1 M phosphate buffer (500 ml) and a MeOH solution of furylfuramide (AF-2, 100 ml, 100 mg/ ml), this whole mixture being incubated at 37 C for 30 min. The culture broth was then mixed with soft agar (2 ml) and poured on to a minimal glucose agar plate. After incubating for 2 days at 37 C, the number of colonies on the plate was counted.
Cell proliferation assay and image analysis of the estrogenicity. Human breast cancer MCF7 cells were stably transfected with an estrogen-responsive GFP reporter gene construct (pEGFP-3 (EREc38)) designated as ERE-GFP-MCF7 cells.
11) The expression of GFP in the ERE-GFP-MCF7 cells depended on the presence of E 2 . The cells were maintained in Dulbecco's modified Eagle's medium (DMEM; Nissui, Tokyo, Japan) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Sigma), and 100 mg/ml each of sodium ampicillin and kanamycin sulfate at 37 C under humidified 5% CO 2 /95% air.
ERE-GFP-MCF7 cells (1 Â 10 4 ) were plated in each well of a 96-well plate (Costar, Corning, NY, U.S.A.) in the assay medium (phenol red-free DMEM (Cosmo Bio, Tokyo, Japan) supplemented with 10% heat-inactivated charcoal/dextran-treated FBS (Hyclone, Logan, UT, U.S.A.)). After 3 hr, the indicated amounts of estrogen and/or the test materials or an equal volume of ethanol or DMSO as controls were added. The solvent concentration in the assay medium was maintained at 0.1%. The cells were further incubated for 3 days, before being observed under a fluorescence microscope (Diaphot 300, Nikon).
Cell proliferation was measured with Cell Counting Kit-8, 11 ) the cytotoxicity of the chemicals being found by the assay kit as well as by microscopic visualization.
After the counting assay, the medium in the 96-well plate was removed. The intensity of green fluorescence in the cells was then scanned with a FluorImager SI (Amersham Pharmacia Biotech), 11) the fluorescence intensity being evaluated with the ImageQuant program (Amersham Pharmacia Biotech). We calculated the GFP intensity per cell in the combination of the cell proliferation assay. Each experiment was performed in triplicate, and the assay was conducted two or three times.
Each data value is presented as the mean AE S.E.M. The estrogenic effect is relative to the maximum fluorescence intensity per cell obtained with E 2 (50 pM). To determine the EC 50 value, dose response curves were sigmoidally fitted by using Prism 4.0 software (GraphPad Software, Inc., CA, U.S.A.). The EC 50 value was calculated by determining the concentration at which 50% of the maximum fluorescence intensity was reached by using the sigmoidal fit equation.
Results
DPPH radical-scavenging compounds from dou-chi Eleven compounds isolated from dou-chi were identified from the 1 H-NMR, 13 C-NMR, HMQC, HMBC and MS spectral data: p-hydroxybenzoic acid (1), vanillic acid (2), syringic acid (3), ferulic acid (4), 8-hydroxydaidzein (5), 8-hydroxyglycitein (6), 8-hydroxygenistein (7), 6-hydroxydaidzein (9), daidzein (11), glycitein (12) , and genistein (13) (Fig. 1) .
The molecular formula of compound 8 was determined to be C 15 
Structural elucidation of compound 14
Since the yield of compound 14 from dou-chi was very low and 14 was speculated to be derived from daidzein judging from its 1 H-NMR spectral data, daidzein was transformed by Aspergillus oryzae IFO 5239, and a compound whose 1 H-NMR spectrum was identitical with that of compound 14 was isolated from the culture broth.
The high-resolution FABMS spectral data for compound 14 showed the ðM þ HÞ þ peak at m=z 303.0501 (calcd. for C 15 H 11 O 7 , 303.0505) indicating the molecular formula C 15 H 10 O 7 . The ortho coupling signals at 6.84 and 7.38 (each 2H, J ¼ 8:8 Hz) in the 1 H-NMR spectrum indicated the presence of a 1,4-disubstituted benzene ring in compound 14. The HMBC spectrum showed the proton at 6.84 and 7.38 having a cross peak with the carbons at 123.0 (s) and 131.1 (s), respectively, and there were also cross peaks between these carbons and a singlet olefinic proton at 8. Table 1) .
The HMQC spectrum indicated that the protons at 8.01 and 8.16 were respectively adjacent to the carbons at 135.5 (d) and 153.6 (d).
The foregoing results enabled the partial structure of compound 14 to be assigned as a 2-substituted 4-pyrone which had a 2-substituted (E)-ethenyl group on C-3 and a 4-substituted phenyl group on C-5. The structure of novel compound 14 was finally determined to be 3-((E)-2-carboxyethenyl)-5-(4-hydroxyphenyl)-4-pyrone-2-carboxylic acid from its molecular formula and the chemical shifts of all carbons, especially the two residual carbons in the 13 C-NMR spectrum (Fig. 2) .
Contents of isoflavones in the fermentation of dou-chi
Compounds 5-9 were not detected at 0 hr. The contents of eight isoflavones increased after the start of incubation, the maximum amounts of most of these isoflavones being reached at 48 hr, before gradually decreasing (Fig. 3) .
DPPH radical-scavenging activity, and mushroom tyrosinase (MT) and soybean lipoxygenase (SBL) inhibitory activity
The DPPH radical-scavenging activity of compounds 8, 10 and 14 showed ED 50 values of 22, 370, and 240 mM, respectively. Compounds 5, 6, 7, 8 and 9, showed as high DPPH radical-scavenging activity as that of -tocopherol (Table 2) . Phenol compounds 2, 3 and 4 showed strong DPPH radical-scavenging activity. Only compound 9 exhibited strong mushroom tyrosinase inhibitory activity (an IC 50 value of 10 mM). This value was higher than that of kojic acid, the positive control (Table 2) .
Compound 7 showed soybean lipoxygenase inhibitory activity with an IC 50 value of 142 mM, the activity of compound 7 being as strong as that of kojic acid, the positive control (Table 2) .
Antimutagenic activity
To assess the antimutagenic activity, compound 8 (5 or 13 mM) was added to detect the inhibitory activity against the reverse mutation from AF-2 (0.01 mg/plate). At a concentration of 13 mM, compound 8 showed 41% inhibition. Compound 8 showed almost the same antimutagenic activity as compound 9 at this concentration of 13 mM, but showed weaker activity than EGCg (100%) by the Ames test with S. typhimurium TA 98. Phenol compounds 2, 3 and 4, however, did not show high antimutagenic activity (Table 3) .
Estrogenic activity ERE-GFP-MCF7 cells expressed GFP in response to E 2 (10 À13 to 10 À10 M) in a dose-dependent manner as shown in Fig. 4 . Compounds 7 and 8 exhibited estrogenic activity at higher concentrations. A higher concentration (10 À4 M) of compounds 5 and 13 was cytotoxic to MCF7 cells according to the cell proliferation assay with Cell Counting Kit-8 (data not shown). Compound 5 did not show any estrogenic activity. The order of EC 50 value for the tested isoflavones was genistein (13) > daidzein (11) ) 3 0 -OH-daidzein (8) > 8-OH-genistein (7) (Fig. 4) . Each isoflavone content in fifty beans of dou-chi was determined by comparing with analytical curves from HPLC. The mean AE SD (n ¼ 3) is presented for each value.
Discussion
As DPPH radical-scavenging compounds, four phenols, one flavanone, eight isoflavones and one novel compound, 3-((E)-2-carboxyethenyl)-5-(4-hydroxyphenyl)-4-pyrone-2-carboxylic acid were isolated from dou-chi. Compounds apart from 3 0 -hydroxydaidzein (8), dihydrodaidzein (10) and compound 14 have been isolated from soybean miso, and compounds 8 and 10 have already been isolated as metabolites of daidzein in human urine, these being identified by their mass spectral data. [12] [13] [14] We isolated compounds 8 and 10 from the fermented soybean food, and present here their NMR spectral data for the first time.
Compounds 1-4, 11, 12 and 13 are known to be antioxidants present in soybeans, 15) and compounds 11, 12 and 13 are mainly produced by glycoside hydrolysis. Furthermore, compounds 5-9 are metabolites from daidzein, glycitein, and genistein.
Compound 14 is a novel compound, and it could be speculated that daidzein was first hydroxylated to produce 8-hydroxydaidzein (5) and that the C-7-C-8 bond of 5 was successively cleaved and isomerized to yield compound 14. It has already been reported that pyrocatechase (catechol dioxygenase), which catalyzed oxidative cleavage of the catechol ring to cis,cismuconic acid, was produced in anthranilate-adapted cells of Pseudomonas, 16) and by many bacteria. It is also known that a strain of Aspergillus niger produced this enzyme. 17) Interestingly, not only hydroxylation and reduction, but also oxidative cleavage of the aromatic ring occurred during the fermentation process of douchi.
In respect of the DPPH radical-scavenging activity, compound 14 showed as weak activity as that of an isoflavone aglycone. In the tyrosinase inhibitory activity, compound 9 with a 6,7-diol structure showed higher suppressive potency than compound 5 with a 7,8-diol structure and compound 8 with a 3 0 ,4 0 -diol structure. These results indicate that compound 9 might have been more similar in diol structure to 3,4-dihydroxyphenylalanine (DOPA), the substrate of tyrosinase, than the other diol compounds.
In respect of the antimutagenic activity, compound 5 with a 7,8-diol structure showed slightly higher suppressive potency against the reverse mutagen AF-2 than compound 8 with a 3 0 ,4 0 -diol structure for the S. typhimurium bacterial strain.
Estrogenic chemicals exert their activity through binding to ER, 18) the three-dimensional structure of the ligand-binding domain of ER in a complex with E 2 having been clarified by an X-ray crystallographic analysis. 19) It is known that isoflavones show estrogenic activity, and have high ER-binding affinity, and that their two hydroxy groups on C-7 and 4 0 played an important role in this activity. 20) Since our studies indicate that the 8-or 3 0 -hydroxy group added to isoflavones reduced the estrogenic activity, the additional hydroxy group might have disturbed the binding to ER.
